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Abstract
Undrained cyclic responses of rubber-sand mixtures are essential for its applications in earthquake-prone areas. Hence, the present
study is intended to examine the liquefaction behaviour and modeling the undrained cyclic responses of granulated rubber-sand mixtures
with size of sand and granulated rubber less than 2 mm. The stress controlled undrained cyclic triaxial tests followed by undrained monotonic tests were carried out on mixtures with rubber content 0% (pure sand), 10%, 20%, 30%, 50%, 75%, and 100% (pure rubber) to
examine liquefaction and post-liquefaction behaviour of the mixtures. The test results show that the mixture possesses higher liquefaction
resistance when rubber content is between 30% and 50%. The post-liquefaction behaviour of the mixtures identiﬁed as pseudo-elastichardening and its corresponding modulus is found to vary marginally with its static modulus. In addition, the post-liquefaction strength
of the mixtures is observed to be more than that of sand at the lower axial strain. Further, the undrained responses such as hysteretic
behaviour and excess pore water pressure are modeled using Masing’s rule and the relation between degradation index (d) and excess
pore water pressure ratio (ru), respectively. The proposed model eﬀectively predicts the cyclic behaviour of mixtures with rubber content
between 10% and 75%.
Ó 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BYNC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The increase in stockpiling of scrap tire demands a sustainable solution - to ease out the problems associated with
it - since 1990. Various applications have been examined in
geotechnical engineering for the eﬀective utilization of a
large amount of scrap tire. In the past studies, whole tires
and shredded tires were mixed with sand and examined
for retaining wall backﬁll, buried line backﬁll, embankments and base isolation (Bosscher et al., 1992; Bosscher
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et al., 1997; Hoppe, 1998; Garga and O’Shaughnessy,
2000; Hoppe and Mullen, 2004; Yoon et al., 2006;
Umashankar, 2009; Mashiri, 2014; Reddy and Krishna,
2017; Indraratna et al., 2017; Meguid and Youssef, 2018;
Senthen Amuthan et al., 2018a; Kaneda et al., 2018).
The usage of shredded scrap tire mixed with sand in the
seismically active region demands studying its dynamic
behaviour. Though the static and dynamic properties of
these mixtures are extensively examined in earlier studies
(e.g., Lee et al., 1999; Feng and Sutter, 2000; Ghazavi
and AmelSakhi, 2005; Senetakis et al., 2012a, 2012b;
Sheikh et al., 2013; Edinçliler et al., 2004; Mashiri, 2014;
Senetakis and Anastasiadis, 2015; Mashiri et al., 2015c;
Li et al., 2016; Qi et al., 2018; Fu et al., 2017; Lopera
Perez et al., 2017; Senthen Amuthan et al., 2017, 2018a,
2018b), the studies on evaluation of liquefaction resistance
of the mixtures are relatively limited (Hazarika et al., 2010;
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Kaneko et al., 2013; Mashiri et al., 2015a; Li et al., 2016;
Otsubo et al., 2016). These limited studies primarily
focused on the eﬀect of CSR and energy for preparing
the samples on liquefaction resistance of the mixtures.
Moreover, most of those studies on the mixtures did not
consider liquefaction resistance incorporating both initial
liquefaction and liquefaction due to attainment of certain
double amplitude axial strain (Hyodo et al., 2008;
Mashiri et al., 2015a). Additionally, several notable issues
such as post cyclic strength, the eﬀect of conﬁning pressure,
threshold density and rubber content above which the mixture possess signiﬁcant liquefaction resistance are not discussed in the available literature. Furthermore,
liquefaction resistance of geo-material including ﬁbers has
been a topic of interest for past few decades (e.g., Maher
and Woods, 1990; Boominathan and Hari, 2002;
Noorzad and Amini, 2014), which demands in-detail study
on rubber-sand mixtures for its eﬀective utilisation.
In general, reported literature shows that liquefaction
resistance of tire chips (size 20–50 mm) sand mixtures
increases with increase in rubber content up to 30% followed by a reduction (Mashiri et al., 2015a). It is also evident that the mixtures with tire chips content of more than
30% are prone to segregation (Mashiri, 2014). The segregation results in the formation of a sand layer at the bottom
and tire chips layer at the top. Further, Kaneko et al.
(2013) reported that the sample having sand layer at the
bottom and tire chips layer at the top possess lower liquefaction strength than that of the mixtures. It shows that the
reduction in the liquefaction resistance is attributed to segregation of tire chips-sand mixture. It can be concluded
that the use of large size rubber mixed with sand prone
to segregation under dynamic loading which in turn
increase liquefaction potential of the mixtures.
On the other hand, studies on the liquefaction resistance
of sand mixed with granulated rubber (size 0.45–2 mm)
show the increase in resistance with an increase in the rubber content (Hazarika et al., 2010). In addition, it is noted
that pure rubber does not show initial liquefaction which
attributes to the compressible nature of rubber particles
present in the sample that suppresses the accumulation of
excess pore water pressure while sand particles in the pure
sand specimen do not compress, resulting in the development of excess pore water pressure. In other words, the
pore water pressure of water present between rubber particles does not increase to reach initial liquefaction as like
sand due to the elastic nature of particle that causes it to
deform, which in turn reduces the accumulation of pore
water pressure. This phenomenon does not occur in sand
as it is rigid particles. Further, it is also evident from the
literature that granulated rubber-sand mixtures do not possess segregation problem unlike tire chips or tire shred-sand
mixtures (Senthen Amuthan et al., 2018a).
Liquefaction resistance of the mixtures increases with
increase in the size of the rubber particles; especially when
the mixtures with lower rubber content subjected to lower
conﬁning pressure (Li et al., 2016). However, it can also be

inferred that liquefaction resistance of the tire chips (size
20–50 mm) mixture (Mashiri et al., 2015a) is less than that
of the granulated rubber (size 0.425–2 mm) mixture
(Hazarika et al., 2010). This discrepancy shows that further
studies are needed to examine the eﬀect of rubber size in the
mixtures.
Though there is no signiﬁcant increase in excess pore
water pressure due to the inclusion of rubber particles,
the axial strain of the mixture increases with increase in
the number of loading cycle due to the reduction in the
stiﬀness (Hazarika et al., 2010; Li et al., 2016). Therefore,
initial liquefaction may not occur in the mixture. However,
there is a chance of liquefaction failure of the sample by
achieving a stipulated double amplitude axial strain (say
for e.g., 5% as per Kramer, 1996 for cyclic triaxial studies).
As can be seen, most of the previous studies mainly concentrated on initial liquefaction of the mixture (e.g., Hazarika
et al., 2010; Mashiri et al., 2015a). In view of that, it is
important to study the liquefaction resistance considering
both initial liquefaction and failure by achieving certain
double amplitude axial strain.
Modeling the static behavior of rubber-sand mixtures
have been attempted using semi-empirical methods (Lee
et al., 1999; Youwai and Bergado, 2003; Mashiri et al.,
2015b). Lee et al. (1999) used the hyperbolic model while
Youwai and Bergado (2003) adopted hypoplasticity model
to capture the static behaviour of the mixtures. However,
the earlier model is not capable of predicting the postpeak behaviour while the latter possess difficulties in predicting the stress-strain behaviour at large strain. Mashiri
et al. (2015b) have formulated a semi-empirical model
based on critical state framework to capture the static
behaviour of rubber-sand mixtures such as the deviator
stress-strain, post-peak shear strength, and dilatancy.
However, there is a need for modeling cyclic behaviour
of the mixtures to realistically capture the behavior of mixtures, which can be used for applications of mixtures in
dynamic problems such as base isolation, retaining wall
backﬁlled with the mixtures, and embankments.
Hyperbolic-hysteresis model based on Masing’s rule has
been used to realistically model the cyclic behaviours of
soils (Banerjee, 2009; Zhang and Liu, 2017), which can
be extended for mixtures. This model uses the hyperbolic
backbone curve that relates deviator stress and generalized
shear strain. Matasovic and Vucetic (1995) formed a relationship between modulus degradation and excess pore
water pressure ratio to model the excess pore water pressure developed in clayey soil subjected to cyclic loading,
which can also be extended to model the excess pore water
pressure behavior of the mixtures.
Preceding discussion shows that liquefaction resistance,
post-liquefaction monotonic behaviour and modeling the
cyclic behaviour of rubber-sand mixtures needs further
study for its eﬀective application in seismic prone areas.
In view of these, the present paper examines the liquefaction resistance of rubber-sand mixtures with diﬀerent rubber content. In addition, post-liquefaction undrained
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monotonic behaviour of rubber-sand mixtures is examined
using multi-stage cyclic triaxial testing. Further, the cyclic
behaviour of mixtures is modeled based on experimental
results, and the model is validated with an experimental
results reported in the literature.

Eq. (1), a 50% RD sample was prepared using RD of
45%, 46.25%, 47.5%, 48.75%, and 50% for the layers one
to ﬁve from bottom to top. The calculation of relative density for granulated rubber-sand mixtures is discussed in the
previous study of the authors (Senthen Amuthan et al.,
2018a).
The rubber membrane for 50 mm diameter and 100 mm
height sample is stretched and placed in the sample formation split mould. Then the mould is placed on a pedestal
where a porous stone and ﬁlter paper are in position. The
vacuum pressure of about 10 kPa is applied to the split
mould to hold the membrane ﬁrmly with the mould. The
dry samples are then prepared inside the mould with 5 layers and the layer density is increased from bottom to top as
per the Eq. (1). This procedure is followed to ensure the
uniform density throughout the sample. Each layer is ﬁlled
into sample formation mould with zero drop height and
compacted to a height of about 20 mm. A compaction
rod of 2.88 N (0.294 kg) weight and 25 mm diameter is used
to compact the sample. After preparing the sample, a ﬁlter
paper followed by a porous stone and top cap is placed on
the sample before stopping the application of vacuum pressure. Then 4 numbers of ‘O’ rings, 2 each on the bottom
pedestal and top cap, are placed. Now, the cell is placed
in position and the submersible load cell is connected to
the sample.
The samples are saturated from bottom to top. Initially,
20 kPa cell pressure and 10 kPa back pressure is applied
while the top cap valve is opened to take out the air bubbles along with the water. Then the saturation is carried
out by increasing the back pressure step by step until it
achieves a required B value. The saturation of the sample
is assumed to be achieved when the B value reaches greater
than or equal to 0.95. Then the consolidation of the sample
is ensured with more than 95% of pore water pressure dissipation. This is ensured when the volume change is less
than 5 mm3 in 5 min. The consolidated samples were subjected to the cyclic load under undrained conditions with a
frequency of 1 Hz when the initial eﬀective conﬁning pressure was 100 kPa. The post-liquefaction undrained monotonic strain controlled tests were carried out without
dissipating the excess pore water pressure and with the
deformation caused by cyclic loading. Before shearing it
was made sure that the cyclic load induced pore water pressure equilibrate within the sample. When the actuator stops
at diﬀerent load than the initial one due to attainment of
stopping condition, the actuator brought back to initial
load before starting the post-liquefaction monotonic. This
procedure of carrying out post-liquefaction or post-cyclic
also found in various studies (e.g., Thomas, 1992;

2. Materials, sample preparation and experimental
procedure
The river sand passing 2 mm sieve and the granulated
rubber [GR (size 0.425–2 mm)], which is grinded after
removing the steel reinforcement from the scrap tire, are
used in the present study. The physical properties of sand
and rubber is given in Table 1. The mixtures containing
sand and GR of 10%, 20%, 30%, 50%, and 75% gravimetric
proportions along with pure rubber and sand are chosen
for the analysis. The basic properties of the materials and
mixtures used in the present study are similar to that of
used in the previous studies of the same authors (Senthen
Amuthan et al., 2018a, 2018b).
Servo controlled automated cyclic triaxial (Make: VJ
Tech, UK) available at Soil Dynamics and Earthquake
Engineering Laboratory of IIT Madras is used to carry
out the liquefaction behaviour of the mixtures. The load
cell of 5 kN capacity and the vertical encoder with the maximum movement of 100 mm are used in the present study.
The hydraulic back pressure controller with the maximum
capacity of 1000 kPa and 200 cc is used for back pressure
saturation and consolidation, respectively. The cell pressure of the system is applied with the help of a pneumatic
controller coupled with air-water interface of 1000 kPa
capacity. The pneumatic controller is used to maintain consistent cell pressure during the cyclic loading when the
actuator rod moves in and out of the cell.
The cyclic triaxial testing on sand and mixtures are carried out as per ASTM D5311 (ASTM, 2013). All the mixtures are prepared with certain quantity and stored in an
air-tight bag. A required mixture is taken out from the
bag and mixed thoroughly before taken for tests. Ladd,
1978 under-compaction method is used to prepare the sample. The samples are prepared with 5 layers and relative
density for each layer is calculated using the equation,
uni unt
un ¼ uni ½
ðn 1Þ
ð1Þ
nt 1
where uni is percent under-compaction selected for the sample, unt is percent under-compaction selected for the ﬁrst
layer (usually zero), n is the layer number, and nt is the total
number of layers (ﬁnal layer). 5% under-compaction is
selected to prepare all the samples. For example, as per
Table 1
Sand and granulated rubber used in the mixtures.
Material

Speciﬁc Gravity

Size of particles (mm)

D50 (mm)

Minimum density (kN/m3)

Maximum density (kN/m3)

Sand
Granulated rubber

2.66
1.45

0.075–2
0.075–2

0.9
1.5

14.87
2.65

17.66
5.99
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Sitharam et al., 2009; Rouholamin et al., 2017). Other procedures in post-liquefaction undrained monotonic test are
similar to that of described in Varghese et al., 2019.
In the present study, 51 numbers of static and cyclic tests
are examined for liquefaction and post-liquefaction behaviour of pure sand and three mixtures with varying rubber
content. Two relative densities of 50% and 75% are studied
since 50% is corresponding to the density of mixtures subjected to the nominal compaction while the relative density
of 75% is the maximum density of mixtures which was
achieved in the ﬁeld (Bosscher et al., 1992; Yoon et al.,
2006). These samples are examined with an eﬀective conﬁning pressure (rc) of 100 kPa since the material is being
studied for shallow depth applications, 1 Hz frequency
and the cyclic stress ratio (CSR) in the range of 0.1 to
0.25. Test program for the present study is shown in
Table 2. The relative density of the material and mixtures
are calculated with the maximum unit weight determined
from the compaction method while the minimum unit
weight determined from the index density method. The
detailed explanation on the calculation of the mixture’s relative density can be found in the erstwhile study of the
authors (Senthen Amuthan et al., 2018a, 2018b).
3. Cyclic behaviour of granulated rubber-sand mixtures
Isotropically consolidated samples were subjected to
sinusoidal cyclic loading in the stress-controlled tests. The
loading is termed as CSR which is deﬁned as the ratio of
deviator stress to the eﬀective conﬁning pressure (rd/2r0 c).
The tests results are examined in terms of variation of
excess pore water pressure ratio (ru i.e., excess pore water
pressure (u) normalized to a eﬀective conﬁning stress
(r0 c)) and axial strain with the number of loading cycles,
stress-strain behaviour, and stress path.
3.1. Pore water pressure and axial strain response
The excess pore water pressure and axial strain response
of the mixtures are shown in Fig. 1. The excess pore water
pressure is presented in terms of ru. In general, it is evident
from the ﬁgure that the excess pore water pressure ratio
increases with an increase in the number of cycles. The
excess pore water pressure ratio of the mixture with 10%
rubber content rapidly increases to the maximum ru of
about 1. It shows that the mixture with 10% rubber content
would show initial liquefaction, which is the equalization of
the excess pore water pressure to the eﬀective conﬁning
pressure (Seed and Lee, 1966). It is also to be noted that
the mixture with 10% rubber content shows higher excess
pore water pressure ratio than that of sand at a given number of cycle. It is due to the lower rubber content mixture
matrix that posses higher void ratio with sand like behaviour, which is a behaviour exist for granulated rubbersand mixtures at lower rubber content (Lopera Perez
et al., 2017, 2018) and it reduces the liquefaction resistance.
Further, it is evident from Fig. 1 that increase in rubber

content retards the development of the excess pore water
pressure. The excess pore water pressure of the mixtures
has reached a constant value in about 20 numbers of loading cycles. The developed pore water pressure in the mixture with 50% rubber content is same as that of pure
granulated rubber. The retardation of excess pore water
pressure is attributed to the granulated rubber present in
the mixture which makes mechanical bonding when the
sample is consolidated. The mechanical bonding is the
main cause of the apparent cohesion of mixtures reported
in the literature (e.g., Ghazavi and AmelSakhi, 2005;
Senthen Amuthan et al., 2018a). The development of excess
pore water pressure is suppressed due to the mechanical
bonding between the particles. The mechanical bonding
between the particles is pronounced when rubber content
in the mixture is more than 30%. Further, it is also
observed that the development of pore water pressure is
reduced with increase in initial relative density of the
mixtures.
Unlike pore water pressure response, the axial strain
response shows an insigniﬁcant increase for sand during
initial loading cycles (Fig. 1a). However, a rapid increase
is observed for sand when the excess pore water pressure
ratio is about 0.9. The double amplitude axial strain of
sand was observed to be within 5% when the excess pore
water pressure reaches the eﬀective conﬁning pressure
(i.e., the condition of initial liquefaction). The similar behaviour of sand is also observed for all the CSR which are
examined in the present study. This shows that the sand
accumulates a large amount of double amplitude axial
strain even before the occurrence of initial liquefaction.
For mixtures with 10% rubber content, the axial strain
rapidly increases from the beginning of loading cycles
(Fig. 1b). The rapid increase in the axial strain of these
mixtures is attributed to the rapid increase in pore water
pressure and the reduced stiﬀness of the mixture matrix.
The axial strain of the mixtures with granulated rubber
content between 10% and 50% is gradually increased to a
constant value within 15 numbers of loading cycles. The
developed axial strain for these mixtures is also within
5% when the CSR is less than 0.2. Further, it is observed
from Fig. 2 that the axial strain of the mixtures is reduced
with an increase in the initial relative density of the mixtures. It is attributed to the increase in the stiﬀness of the
samples with an increase in the initial relative density.
The increase in the density of the mixtures greatly inﬂuences the reduction in the maximum axial strain than the
reduction in the maximum pore water pressure, which is
clearly evident by comparing Fig. 2a and b.
3.2. Stress path
Fig. 3 shows the stress path of mixtures with diﬀerent
rubber contents. It shows that the mean eﬀective stress
(p0 ) of the mixtures reduces with increase in loading cycles.
This is due to the gradual increase in pore water pressure.
In addition, it is observed that the mean eﬀective pressure
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Table 2
Test Program.
Material

Cyclic
Sand

GR 10%

GR 20%

GR 30%

GR 50%

GR 75%

GR 100%

Static
GR 10%
GR 30%
GR 50%
GR 100%

Relative Density (%)

Conﬁning
pressure (kPa)

CSR

Number of
cycles applied

Maximum ru

Maximum
observed DA
axial strain (%)

Evidence of
liquefaction

NL*

50
50
50
50
50
50
50
50
50
75
75
75
50
50
50#
50
50
50
50
50
50
75
75
75
75
50
50
50
50
75
75
75
75
50
50
50
50
50
50
50
75
75
75

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

0.1
0.14
0.18
0.23
0.1
0.11
0.15
0.18
0.23
0.1
0.15
0.2
0.1
0.15
0.15
0.2
0.23
0.1
0.15
0.2
0.23
0.1
0.15
0.2
0.23
0.1
0.15
0.2
0.23
0.1
0.15
0.2
0.23
0.1
0.15
0.2
0.23
0.1
0.15
0.2
0.1
0.15
0.2

500
100
34
14
200
100
14
11
5
300
80
15
500
125
125
37
10
100
300
100
7
300
300
300
8
100
300
100
10
300
300
300
10
300
200
175
50
300
300
200
300
300
300

0.3
1.0
1.0
1.0
0.7
0.9
0.9
1.0
0.9
0.5
1.0
0.9
0.5
0.9
0.9
1.0
0.9
0.3
0.5
0.7
0.7
0.3
0.5
0.6
0.6
0.3
0.4
0.5
0.5
0.3
0.4
0.5
0.5
0.2
0.3
0.4
0.5
0.2
0.4
0.5
0.2
0.3
0.5

0.06
0.71
2.94
3.10
0.28
5.40
7.14
7.98
8.09
0.24
9.45
7.13
0.29
7.64
6.60
11.67
9.81
0.74
1.94
6.09
8.42
0.70
1.49
3.83
7.61
1.57
3.04
4.94
6.06
1.37
2.62
4.91
8.08
1.39
3.02
5.89
9.12
2.43
6.19
9.26
2.67
4.99
9.60

No
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
No
No
Yes
Yes
No
No
No
Yes
No
No
No
Yes
No
No
No
Yes
No
No
Yes
Yes
No
Yes
Yes
No
No
Yes

–
66
29
12
–
93
10
7
3
–
39
9
–
90
102
15
5
–
–
26
3
–
–
–
4
–
–
–
3
–
–
–
4
–
–
13
6
–
14
6
–
–
6

50
75
50
75
50
75
50
75

100
100
100
100
100
100
100
100

Static and post cyclic monotonic with strain rate 0.5 mm/min

* NL – number of cycles causing liquefaction depends on initial liquefaction or reaching DA axial strain of 5%, whichever occurs earlier.
#
Repeated test to check the consistency and uniformity of mixtures.

of sand reaches to zero that conﬁrms the occurrence of initial liquefaction of the sand. Further, the rapid decrease in
mean eﬀective stress is observed for the mixture with 10%
rubber content. However, the mixture with 10% rubber
content has attained axial strain criteria before reaching

the initial liquefaction. Further, the mean eﬀective stress
is not reduced signiﬁcantly for the mixtures with rubber
content greater than 10%. It conﬁrms that the mixture with
rubber content more than 10% does not show initial liquefaction. The reduction in the mean eﬀective stress is
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Fig. 1. Excess pore water pressure ratio and axial strain variation of mixtures with rubber content (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 50%, (f) 75%, and
(g) 100% (at 50% RD and CSR 0.2).

observed to be reduced with an increase in the initial relative density. Thus, it is attributed to the reduction in the
development of the pore pressure with an increase in the
initial relative density.
3.3. Stress-strain behaviour
Fig. 3 also shows the stress-strain behaviour of the mixtures with diﬀerent rubber content. It is evident from the ﬁgure that the hysteretic behaviour of sand is asymmetric. The

deformation of sand is observed to be more in tension than
that of in compression. It indicates that the sand deforms
more in tension to take the given axial load than in compression. However, the hysteretic behaviour of the sand becomes
symmetric with the addition of rubber particles. It further
conﬁrms that addition of rubber to sand induces the elasticity to the mixture. On the other hand, the addition of rubber
to sand reduces the stiﬀness of the mixtures. Moreover, the
mixtures with the increase in rubber content induce the elasticity and reduce the modulus. The mixture with 50% rubber

M. Senthen Amuthan et al. / Soils and Foundations 60 (2020) 871–885
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Fig. 2. Eﬀect of relative density on (a) maximum pore water pressure ratio (b) maximum double amplitude axial strain (CSR 0.2).

content behaves like rubber material with improved stiﬀness
owing to the sand particles in the mixture.
3.4. Cyclic resistance ratio
The liquefaction resistance of the mixtures is deﬁned in
terms of Cyclic Resistance Ratio (CRR). In the present

study, the CRR at speciﬁc numbers of loading cycles is
obtained based on the two criteria: one is reaching of value
ru equals to unity and the other is reaching of 5% double
amplitude axial strain, whichever occurs earlier (Kramer,
1996). Fig. 4 plots the variation of CRR with the rubber
contents for 10 and 30 numbers of cyclic loading which
generally represents the earthquake magnitudes (Mw) of

Fig. 3. Cyclic stress-strain behaviour and stress path of mixtures (50% RD and CSR 0.2).
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4. Hyperbolic model for undrained cyclic behaviour of
granulated rubber-sand mixtures
The preceding experimental investigation provide the
basis for the proposed semi-empirical constitutive framework for granulated rubber-sand mixture which is based
on hyperbolic backbone curve relating deviator stress and
generalized shear strain. Hysteretic behaviour of unloading
and reloading is modeled using Masing’s rules (Pyke, 1979)
while pore water pressure is modeled using the degradation
index (Idriss et al., 1978).
4.1. Initial loading portion

Fig. 4. Liquefaction resistance of mixtures with rubber content.

6.5 and 9, respectively (Seed, 1975). The ﬁgure shows that
the liquefaction strength of sand initially reduces due to the
addition of 10% rubber, and then subsequently found
increasing with increase in rubber content of up to 30%
before showing constant resistance until 50% of rubber
content in the mixture. Further, the liquefaction strength
of the mixture is reduced with the addition of rubber content of more than 50%. Pasha et al. (2018) and Hazarika
et al. (2020) also reported similar behaviour for graveltire chips mixtures. It is attributed to the rapid development of excess pore water pressure and double amplitude
axial strain in the 10% rubber content mixture. On the
other hand, it is only due to accumulation double amplitude axial strain when the rubber content is more than
50%. The optimum rubber content for liquefaction resistance is identiﬁed between 30% and 50% rubber content
as shown in Fig. 4. The initial reduction in the liquefaction
strength is attributed to the rapid increase in the excess
pore water pressure and axial strain of the mixtures. The
reduction of liquefaction resistance in higher rubber content mixture is attributed to the reduction in the stiﬀness
of the mixtures, which increases the accumulation of axial
strain.
In addition, diﬀerent behaviours of mixtures are evident
in the ﬁgure. Initial reduction in resistance with the addition of 10% GR is due to the mixture shows sand-like
behavior (predominantly governed by sand behaviour)
while the reduction in resistance beyond 50% of GR is
due to rubber-like behavior (predominantly governed by
sand behaviour). This is why the 10% mixture has rapidly
developed the pore water pressure and mixtures having
GR greater than 50% have developed large axial strain.
However, the mixtures with rubber content between 30%
and 50% show optimum behavior in terms of reducing pore
water pressure as well as axial strain accumulation. The
aforementioned behavior also observed in previous studies
(e.g., Kim and Santamarina, 2008; Hazarika et al., 2020).

The hyperbolic back bone curve adopted in the present
study is written as (Subramaniam and Banerjee, 2013;
Banerjee and Malek, 2020),


1
3Gmax
qr ¼ qf
ð2Þ
3R 1 þ 3Rer
"
#
1
3G1
 1
ð3Þ
er ¼
3R 3R qf qr
R¼

G1
qf

ð4Þ

where er is the axial strain, G1 is the initial tangent modulus
of 1st cycle, qf is the deviatoric stress at failure, qr the deviator stress and R is the modulus ratio, The original form of
the equation is for the strain controlled testing which is
rearranged for stress controlled test and given in Eq. (3).
It is also to be noted that the Gmax is changed to G1 (i.e.,
initial tangent modulus of 1st cycle) to suit the mixture
behaviour.
The deviator stress at failure is deﬁned as,
qf ¼

Mp0
2r

ð5Þ

where p0 is the mean eﬀective conﬁning pressure, r is the
calibration parameter of the model which is dependent
on the rubber content and relative density, M is the function of friction angle which is expressed as,
M¼

3

6sin/
sin/

ð6Þ

The friction angle of the mixtures is adopted from the
erstwhile work by the same authors (Senthen Amuthan
et al., 2018a, 2018b). The ﬁtting parameter (r) for rubber
sand mixture is given in Table 3. This parameter is arrived
by matching the present study experimental results with
model output. It is evident from the table that the ﬁtting
parameter depends on the rubber content, relative density,
and loading magnitude. The ﬁtting parameter is observed
to be decreased with increase in the rubber content and
loading magnitude whilst it is increased with increase in
the relative density.
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Table 3
Fitting parameters.
GR (%)

50 RD

75 RD

CSR 0.1

CSR 0.15

CSR 0.2

CSR 0.1

CSR 0.15

CSR 0.2

10
20
30
50
75

3.35
3.13
2.9
2.4
2.1

3.2
2.9
2.8
2.2
1.5

2.4
2.35
2.2
1.8
0.8

3.6
–
2.9
2.6
–

3.25
–
2.7
2
–

2.75
–
2.4
1.65
–

Fig. 5 shows the typical initial loading portion of the test
result and the model behaviour of mixtures using Eq. (3). It
is evident from the ﬁgure that the modiﬁcation to the
hyperbolic relation reasonably predicts the initial loading
portion of the mixtures with diﬀerent rubber content in
the range of 10% to 50% by weight. It is also to be noted
from the ﬁgure that the present study experimental results
along with the model behaviour is matched reasonably
with the experimental results presented in Hazarika et al.
(2007).

4.2. Loading-unloading behaviour
The unloading and reloading path of the mixture is
modeled using Masing’s rule (1926). Loading and unloading equation for strain controlled tests is given as,
"
#
2
3Gmax
q ¼ 2qf
ð7Þ
þ qr1
3R 1 þ 3R
ðer1 es Þ
2

q ¼ 2qf

"
#
2
3Gmax
3R 1 þ 3R
ðes er2 Þ
2

qr2

ð8Þ

Eqs. (7) and (8) are modiﬁed to model the loading and
unloading path of the ﬁst cycle of mixtures obtained from
stress controlled tests as,
"
#
1
3G1
 1
es ¼ er1
ð9Þ
3R=2 3R
q þ 2qf qr1
2
"
#
1
3G1
þ1
es ¼ er2
ð10Þ
3R=2 3R
q 2qf þ qr2
2

The notation used in the equation has the same expression and meaning as mentioned in the modeling of initial
loading portion. However, er1 and er2 are the axial strain
at the point of stress reversal while qr1 and qr2 are the deviator stress at the point of stress reversal.
Fig. 5 also shows the comparison of the ﬁrst cycle from
the test results and the model behaviour of mixtures using

Fig. 5. Initial loading portion and ﬁrst cycle hysteretic loop of mixtures (50% RD and CSR 0.2).
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Eqs. (9) and (10). The loading and unloading path obtained
using the equations matches well with the test results. Further, the test results reported by Hazarika et al. (2007),
which is used to validate the model, is also presented in
Fig. 5. It is evident from the ﬁgure that the model behaviour and present experimental results matches reasonably
with the literature.
Typical modulus degradation index, which is deﬁned as
the ratio of the secant modulus of the current number cycle
to the ﬁrst cycle can be written as,
d¼

EN
E1

ð11Þ

where EN is the modulus at Nth cycle while E1 is the modulus at the 1st cycle. The degradation index for diﬀerent
rubber content at 50% RD is given in Fig. 6. The ﬁgure
shows that the degradation of modulus reduces as the rubber content increases in the mixture. It is also to be noted
that the modulus is not degraded signiﬁcantly when the
mixtures with rubber content more than 30% subjected to
low CSR (CSR < 0.1). Further, it is observed that the modulus degradation of the mixtures depends on the CSR, i.e.,
when the CSR increases, the modulus degradation is
pronounced.
The modulus is not fully degraded for the mixtures. The
maximum degradation value decreases with the increase in
the rubber content. After 10 to 20 number of cycles there is
no signiﬁcant decrease in modulus is observed in the
mixtures.
4.3. Pore water pressure
It is well-known that, in clayey soils, the development of
pore pressure due to cyclic loading is a function of the
degradation index (Matasovic and Vucetic, 1995). Similarly, in the present study it is noted that there exists a correlation between developed pore water pressure due to
cyclic loading and the degradation index of the mixture.
In general, the relation between excess pore water pressure

Fig. 6. Degradation index of mixtures (50% RD).

and the degradation index can be expressed as (Matasovic
and Vucetic, 1995),
uN ¼ Ad3 þ Bd2 þ Cd þ D

ð12Þ

where un(ru/r0 3) is the excess pore water pressure ratio at
nth cycle, A, B, C and D are the curve ﬁtting parameters
and d is the degradation index.
Fig. 7 shows the variation of excess pore water pressure
ratio with the degradation index for diﬀerent mixtures. It is
to be noted that the developed excess pore water pressure
ratio attain the saturation point (i.e., less than unity) when
the rubber content increases in the mixture and the saturation point mainly depends on rubber content. It is also to
be noted that the excess pore water pressure ratio and
the modulus degradation varies insigniﬁcantly with
increase in CSR. The relation between excess pore water
pressure ratio and degradation index for diﬀerent rubber
content mixtures is given as,
8
for 10%; d  0:1
>
>
>
>
>
>
< for 20%; d  0:1
3
2
uN ¼ 1:85d
3:02d þ 0:58d þ 0:8 for 30%; d  0:45
>
>
> for 50%; d  0:65
>
>
>
:
for 75%; d  0:7
ð13Þ

Eq. (13) is valid for the mixtures with rubber content
between 10% and 75%. It can be observed form the
Fig. 9 that there is no signiﬁcant degradation for mixtures
with rubber content 10%, 20, 30%, 50%, and 75% when the
degradation index achieved the value of 0.1, 0.1, 0.45, 0.65,
and 0.7, respectively and hence the upper limit of degradation index is considered accordingly.
5. Post-liquefaction undrained responses of mixtures
The typical variation of post-liquefaction monotonic
deviator stress and excess pore water pressure with axial
strain are shown in Figs. 8 and 9 for all the mixtures at
50% RD. Fig. 8 shows that the sand samples initially posses
the shear strength close to zero owing to the fact that the
material is in the liqueﬁed state. However, with the increase
in strain, the samples gain strength. The strain at which the
signiﬁcant load can be borne by the sample is termed as the
take of strain (Rouholamin et al., 2017). The take of strain
in post-liquefaction monotonic behaviour of sand is the
strain at which excess pore pressure start diminishing or
the load took by the sample is signiﬁcant. The take of
strain of 4% to 5%, which is termed as post-dilation shear
strain, is observed by Rouholamin et al. (2017) for the sand
at 50% relative density. In addition, the excess pore water
pressure starts dissipating when the specimen started taking the load. In general, though the sand is prepared with
lower density, after liquefaction it attains a denser conﬁguration with axial loading. Hence, further loading of sand
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Fig. 7. Variation of excess pore pressure ratio with degradation index of mixtures possessing rubber content (a) 10%, (b) 20%, (c) 30%, (d) 50%, and (e)
75%.

after liquefaction results in dilation which causes the
decrease in excess pore water pressure.
The post-liquefaction monotonic behaviour of the
mixtures shows that, unlike sand, it starts taking load
during low axial strain. Hence, the mixtures show higher
post-liquefaction shear strength than that of sand till certain axial strain (i.e., take of strain). This is due to the
lower amount of excess pore water pressure developed
during the cyclic loading, which is higher in sand and
in turn reduces the post-liquefaction monotonic strength.
It is evident from Fig. 8 that the mixtures initially possess a sharp increase in the shear strength followed by
a gradual increase. The strain at which such phase
change occurs increases with increase in rubber content.
This shows the rubber-sand matrix deforms from brittle
to pseudo-elastic nature when the rubber content
increases in the mixtures. It is the reason why the by-

linear behaviour of lower rubber content mixtures are
changing to linear and the strain corresponding to the
change is increasing with increase in the rubber content.
Nevertheless, the post-liquefaction strength of the mixtures decreases with the increase in the rubber content.
It is also observed that the post-liquefaction strength of
the mixtures increased with an increase in the relative
density. The excess pore water pressure during postliquefaction undrained monotonic loading for 10% rubber content mixtures shows initially marginal increase
followed by a reduction. It indicates that the mixture initially shows little compression followed by a steady dilation. However, all other mixtures and pure rubber show
the increase in excess pore water pressure with the
increase in post-liquefaction monotonic loading. It postulates that the mixtures are compressive in nature during
the post-liquefaction monotonic loading.
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Fig. 8. Post-liquefaction stress-strain variation of mixtures at 50% RD.

It is evident in Fig. 8 that the general behaviour of the
mixtures during the post-liquefaction monotonic loading
is observed to be strain hardening. Therefore, the mixture
behaviour is idealized with two moduli such as initial
secant modulus and hardening modulus. Both the modulus
of the mixtures with rubber content between 10% and 100%
is given in Fig. 10. It is evident from the ﬁgure that both the
modulus of the mixtures reduces signiﬁcantly till the rubber
content of 50% followed by a slight reduction up to the
rubber content of 100%. The generalized relation between
the modulus, relative density, and rubber content is given
in Eq. (14) (initial secant modulus) and Eq. (15) (hardening
modulus).
E1 ¼ RD  3000ðvÞ
E2 ¼ RD  20ðvÞ

1=4

1

ð14Þ
ð15Þ

Fig. 9. Post-liquefaction axial strain-excess pore water pressure variation
of mixtures at 50% RD.

where E1 is initial secant modulus, E2 is hardening modulus, RD is the initial relative density of the mixture, v is
rubber content in the mixture which should be greater than
10%.
It is also observed from Fig. 8 that the initial secant
modulus of the mixtures (i.e., at low axial strain) is higher
than that of sand. Therefore, it can be postulated that the
immediate settlement after liquefaction could be lower in
the mixtures than that of in the sand.
The post-liquefaction modulus of the mixtures is compared with the static modulus in Fig. 11. The postliquefaction initial secant modulus of the mixture is less
than that of the static modulus. The reduction for 10% rubber content mixture is more than that of other mixtures.
The reduction is less signiﬁcant for the mixtures with rubber content of more than 10%. The development of pore
water pressure during the cyclic stage is attributed to the
reduction in the initial secant modulus of the mixture with
10% rubber content. The hardening modulus of the mixtures shows marginal variation between static and postliquefaction behaviour. The mixture having 10% rubber
shows higher post-liquefaction hardening modulus than
static hardening modulus. It is perhaps due to the dilation
of the mixtures at large strain which is evident from the
post-liquefaction pore pressure variation in Fig. 9.
6. Summary and conclusions
A series of static and cyclic triaxial tests were carried out
on mixtures with granulated rubber and sand to examine the
undrained responses. The samples of diﬀerent mixtures are
prepared using Ladd’s under-compaction method to ensure
a uniform density of the samples. The pore pressure and
axial strain response of the samples are examined with the
stress-controlled sinusoidal loading. The post-liquefaction
undrained behaviour of the mixtures is also examined and
compared with its static behaviour. The undrained response
is vital to study the immediate behavior of mixtures after cyclic loading even though drained post-liquefaction response is
important to examine the deformation behaviour. Further, a
hyperbolic relation with pore water pressure model is developed to capture the undrained behaviour of the mixtures.
The experimental results and analysis of the undrained behaviour of granulated rubber mixed with sand draws the conclusions as follow,
 The Undrained response of the granulated rubber-sand
mixtures shows that the mixtures with the rubber content between 30% and 50% posses higher liquefaction
resistance when the mixtures are compacted to achieve
the initial relative density more than 50%.
 The mixtures with rubber content more than 10% do not
show initial liquefaction because of the mechanical
bonding, apparent cohesion, and elastic nature of rubber particles that reduces the excess pore water pressure.
However, the sand and mixture with rubber content less
than 10% experience the initial liquefaction.
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Fig. 10. Post-liquefaction (a) initial secant modulus (E1), and (b) hardening modulus (E2) of the mixtures.

Fig. 11. Static and post-liquefaction (a) initial secant modulus, and (b) hardening modulus of the mixtures.

 The accumulation of axial strain in the mixtures with
rubber content between 30% and 50% is less than that
of mixtures with 10% rubber and pure granulated rubber. The larger accumulation of axial strain in the mixtures with 10% rubber content is attributed to the
reduction in stiﬀness accompanied with the development
of excess pore water pressure.
 The modiﬁed hyperbolic equation and Masing’s rule are
able to predict reasonably the cyclic responses of the
mixtures with rubber content between 10% and 50%
by weight.
 The post-liquefaction behaviour of mixtures is
observed to be pseudo-elastic-hardening while the
sand possesses initial zero shear strength followed by
a strength gain.
 The post-liquefaction Pseudo-elastic modulus of the
mixtures is reduced with an increase in the rubber
content while there is no signiﬁcant variation in the
hardening modulus with an increase in the rubber
content.

 The post-liquefaction moduli of the granulated rubbersand mixtures are marginally varied with the static moduli, unlike sand, which would show lower postliquefaction modulus than that of static modulus at
the lower axial strain.
The rubber-sand mixtures with the rubber content less
than 10%, irrespective of the size of rubber, shows liquefaction resistance less than that of sand. On the other hand,
the increase in rubber content of tire chips and tire shreds
possess segregation problem which also decreases the liquefaction resistance. It is found in the present study that mixture with granulated rubber of higher content (i.e., between
30% and 50%) do not show segregation and possess higher
liquefaction resistance than that of sand. Therefore, it is
desirable to use granulated rubber-sand mixtures with rubber content between 30% and 50% by weight for the applications such as retaining wall backﬁll, buried pipeline
backﬁll, embankments, and base isolation in the seismically
active region.
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Edinçliler, A., Baykal, G., Dengili, K., 2004. Determination of static and
dynamic behavior of recycled materials for highways. Resour.,
Conserv. Recycling 42 (3), 223–237.
Feng, Z.Y., Sutter, K.G., 2000. Dynamic properties of granulated rubber/
sand mixtures. Geotech Test. J. 23 (3), 338–344.
Fu, R., Coop, M.R., Li, X.Q., 2017. Inﬂuence of particle type on the
mechanics of sand-rubber mixtures. J. Geotech. Geoenviron. Eng.
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001680.
Garga, V.K., O’Shaughnessy, V., 2000. Tire-reinforced earth ﬁll. Part 1:
Construction of a test ﬁll, performance, and retaining wall design. Can.
Geotech. J. 37 (1), 75–96.
Ghazavi, M., AmelSakhi, M., 2005. Inﬂuence of optimized tire shreds on
shear strength parameters of sand. Int. J. Geomech. 5 (1), 58–65.
Hazarika, H., Hyodo, M., Yasuhara, K., 2010. Investigation of tire chipssand mixtures as preventive measure against liquefaction. In: ASCE
GSP, Geo Shanghai International Conference, https://doi.org/
10.1061/41108(381)44.
Hazarika, H., Pasha, S.M.K., Ishibashi, I., Yoshimoto, N., Kinoshita, T.,
Endo, S., Karmokar, A.K., Hitosugi, T., 2020. Tire-chip reinforced
foundation as liquefaction countermeasure for residential buildings.
Soils Found. 60, 315–326.
Hoppe, E.J., 1998. Field study of shredded-tire embankment. Transp. Res.
Rec. 1619, 47–54.
Hoppe, E.J., Mullen, W.G., 2004. Field Study of a Shredded-Tire
Embankment in Virginia. Virginia Transportation Research Council,
Virginia.
Hyodo, M., Yamada, S., Orense, R.P., Okamoto, M., Hazarika, H., 208).
Undrained cyclic shear properties of tire chip-sand mixtures. In: Proc., Int.
Workshop IW-TDGM2007. Taylor and Francis, London, pp. 187–196.
Indraratna, B., Sun, Q., Grant, J., 2017. Behaviour of sub ballast
reinforced with used tyre and potential application in rail tracks.
Transp. Geotech. 12, 26–36.
Kaneda, K., Hazarika, H., Yamazaki, H., 2018. Examination of earth
pressure reduction mechanism using tire-chip inclusion in sandy
backﬁll via numerical simulation. Soils Found. 58, 1272–1281.
https://doi.org/10.1016/j.sandf.2018.06.002.
Kaneko, T., Orense, R.P., Hyodo, M., Yoshimoto, N., 2013. Seismic
response characteristics of saturated sand deposits mixed with tire
chips. J. Geotech. Geoenviron. Eng. 139 (4), 633–643.

Kim, H.-K., Santamarina, J.C., 2008. Sand–rubber mixtures (large rubber
chips). Can. Geotech. J. 45 (10), 1457–1466.
Kramer, S.L., 1996. Geotechnical earthquake engineering. Pearson Education, India.
Ladd, R.S., 1978. Specimen preparation using undercompaction.
Geotechnical testing Journal 1 (1), 16–23.
Lee, J.H., Salgado, R., Bernal, A., Lovell, C.W., 1999. Shredded tires and
rubber-sand as lightweight backﬁll. J. Geotech. Geoenviron. Eng. 125
(2), 132–141.
Li, B., Huang, M., Zeng, X., 2016. Dynamic behavior and liquefaction
analysis of recycled-rubber sand mixtures. J. Mater. Civ. Eng. https://
doi.org/10.1061/(ASCE)MT.1943-5533.0001629.
Lopera Perez, J.C., Kwok, C.Y., Senetakis, K., 2018. Eﬀect of rubber
content on the unstable behaviour of sand–rubber mixtures under static
loading: a micro-mechanical study. Géotechnique 68 (7), 561–574.
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